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Edited by Stuart FergusonAbstract Acaryochloris marina is a prochlorophyte-like cyano-
bacterium containing both phycobilins and chlorophyll d as light
harvesting pigments. We show that the chlorophyll d light har-
vesting system, composed of Pcb proteins, functionally associ-
ates with the photosystem II (PSII) reaction center (RC) core
to form a giant supercomplex. This supercomplex has a molecu-
lar mass of about 2300 kDa and dimensions of 385 A˚ · 240 A˚. It
is composed of two PSII-RC core dimers arranged end-to-end,
ﬂanked by eight symmetrically related Pcb proteins on each side.
Thus each PSII-RC monomer has four Pcb subunits acting as a
light harvesting system which increases the absorption cross sec-
tion of the PSII-RC core by almost 200%.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Acaryochloris marina is a recently discovered cyanobacte-
rium that contains a high level of chlorophyll (Chl) d, rather
than Chl a as in other cyanobacteria [1]. This novel organism
is found associated with didemnid ascidians of tropical waters
and recently shown to cohabit with the macrophytic red alga
Ahnfeltiopsis ﬂabelliformis [2]. Although previously thought
to be an obligate exosymbiont of ascidians like Prochloron
didemni [3], it is now clear that it is an epiphytic cyanobacte-
rium which can be cultured in the laboratory. Chl d is bound
to proteins of photosystem I (PSI) and II (PSII) reaction center
(RC) core complexes where it serves as an inner light harvest-
ing system [4]. In the case of PSI, Chl d also functions as the
primary electron donor P740 [5]. Whether Chl d can act as
the primary donor in PSII is a matter of controversy [6–8].
Although Chl d dominates in Acaryochloris, it also contains
a low level of Chl a, the precise amount changing with growth
conditions [4]. It therefore has been suggested that the PSII
primary donor is either Chl a [6,7] or Chl d [8].Abbreviations: DM, b-dodecyl maltoside; PSI and PSII, photosystem I
and II; RC, reaction center of photosystem II; Chl, chlorophyll; EM,
electron microscopy
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doi:10.1016/j.febslet.2005.01.023Another recent and important ﬁnding was that Acaryochl-
oris contain Chl d-binding light harvesting Pcb proteins [9] en-
coded by the pcb genes, pcbA and pcbC [10]. This was
unexpected since this organism also contains phycobilipro-
teins, allophycocyanin and phycocyanin [11]. Pcb proteins
have a molecular mass of about 35 kDa and are structurally
homologous with the inner light harvesting subunits of PSII,
CP47 and CP43, and with the IsiA protein induced in some
cyanobacteria when starved of iron [12]. In this way they are
members of the six transmembrane helical family of Chl-bind-
ing membrane proteins [13]. Pcb proteins are normally found
in cyanobacteria lacking phycobiliproteins, commonly called
prochlorophytes, of which there are three well known exam-
ples; P. didemni [3], Prochlorothrix hollandica [14] and Prochlo-
rococcus marinus [15]. In these organisms the Pcb proteins bind
both Chl a and Chl b and function as outer light harvesting
systems for PSI and PSII [16–18]. Since Acaryochloris contain
phycobiliproteins that act as an outer light harvesting system
for PSII [11,19,20], the question is raised as to the function
of the Chl d-binding Pcb proteins in this unusual cyanobacte-
rium, which we address in this paper.2. Materials and methods
2.1. Thylakoid membrane preparation
A. marina was cultured in 10 l KES medium with artiﬁcial seawater
[21] supplemented with Fe-EDTA 8.0 mM at 28 C under illumination
at 30 lE m2 s1. The culture was aerated continuously. Cells were har-
vested by centrifugation at 7000 · g (rotor GS-3, Sorvall) and washed in
the Buﬀer A: 50 mMMES, pH 6.0; 20% (W/V) glycerol; 10 mM CaCl2;
5 mMMgCl2 with 1 mM each of benzamidine, e-aminocaproic acid and
phenylmethylsulfonyl ﬂuoride (PMSF). They were then broken by
passing twice through a pre-chilled French pressure cell at 100 MPa.
Unbroken cells and debris were removed by centrifuging at 5000 · g
(rotor JA17, Beckman) for 10 min. The thylakoid membranes were col-
lected in the supernatant fraction and pelleted at 35 000 · g (Beckman
rotor JA17) for 30 min and washed with the Buﬀer A several times until
there were no blue phycobiliproteins in the supernatant. The thylakoid
membranes, free of phycobiliproteins, were resuspended in Buﬀer B:
50 mMMES, pH 6.0; 500 mMbetaine; 20 mMCaCl2 and 5 mMMgCl2
with a Chl d concentration of 1 mg/ml.
2.2. Isolation and puriﬁcation of supercomplexes
Thylakoid membranes were partly solubilised for 10 min in the dark
at 4 C using 1% b-dodecyl maltoside (DM). The dissolved complexes
were separated on sucrose density gradients generated by the freeze–
thawing technique [22] containing 50 mMMES, pH 6.0, 500 mM beta-
ine; 20 mM CaCl2; 5 mM MgCl2 and 0.03% DM and ultracentrifuged
at 150 000 · g for 18 h at 4 C (SW 40Ti, Beckman). The green frac-
tions were carefully collected using a syringe.blished by Elsevier B.V. All rights reserved.
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The polypeptide composition of the fractions derived from sucrose
density gradient centrifugation was analyzed by 10% polyacrylamide
(Acrylamide:Bis acrylamide 32:1) slab gel electrophoresis with 6 M
urea and 5% stacking gels [23]. The samples were denatured with an
aliquot of 50 mM Tris–HCl, pH 6.8, 4% (w/v) SDS, 12% sucrose
and 100 mM DTT for 60 min at room temperature before loading.
SDS–PAGE was run in a BioRad Mini-Protean II electrophoresis sys-
tem at 15–20 mA. Molecular masses were determined by using BioRad
low molecular weight range markers. Gels were ﬁxed for 30 min with
40% methanol and 7% acetic acid, stained with staining solution con-
taining 17% ammonium sulphate, 3% phosphoric acid; 0.1% Coomas-
sie brilliant blue (CBB) G250 (Sigma) and 34% methanol.
2.4. Immunoblotting and peptide analyses
Western blotting was conducted using a published procedure [22]
with antibodies raised to the PSII reaction center PsbA (D1) protein
and to the extrinsic protein of PSI (PsaE) of Synechocystis 6803 (kindly
provided by Dr. P. Nixon, Imperial College London and Professor J.
Golbeck, Pennsylvania State University, USA, respectively). Polypep-
tides of interest obtained on SDS–PAGE were excised from stained gel
matrix and analysed by mass spectral analysis [24] at the Department
of Chemistry and Bio-chemistry, Arizona State University, USA. The
Pcb-type and D1/D2 protein sequences predicted from DNA sequence
data [10] were analysed for their trypsin cleavage sites using the pro-
gram ‘‘Peptide Cutter’’: (http://kr.expasy.org/tools.peptidecutter/),
which predicts sequences from the mass weight map of cut fragments.
2.5. Spectral analyses
Room temperature absorption spectra were measured using a Shi-
madzu UV-1601 spectrophotometer. The room and low temperature
(77 K) ﬂuorescence spectra were recorded using a Perkin Elmer LS50
luminescence spectrometer (5 nm slit width for emission) with an exci-
tation wavelength of 398 nm.
2.6. Electron microscopy and image processing
Electron microscope (EM) analyses were carried out at room tem-
perature by imaging samples stained with 1% uranyl acetate using a
Philips CM 100 EM at a calibrated magniﬁcation of 51 500·. Ten
micrographs for each sample, displaying minimal or no discernible
drift or astigmatism, were digitized on a Leafscan 45 densitometer at
a step size of 10 lm. The resultant sampling frequency of 1.94 A˚/pixel
on the specimen scale was coarsened to 3.88 A˚/pixel in order to aid the
speed of subsequent processing using the Imagic-5 software environ-
ment [25,26]. We identiﬁed and analyzed numerous populations of par-
ticles from each sucrose density gradient fraction with special focus on
the heaviest band from which a dataset of 3355 particles was pro-
cessed. The resolution of the resulting projection map was estimated
by Fourier ring correlation [27].
2.7. Modelling studies
All studies were conducted using the O software package [28] with
structural co-ordinates derived from the 3.5 A˚ resolved model of PSII
(29) designated 1S5L.pdb under RCSB Protein Data Bank code
(http://www.rcsb.org) elucidated from the X-ray diﬀraction of crystals
grown from cyanobacterial preparations of PSII isolated from
Thermosynechococcus elongatus. Subunits attributed to Pcb protein
were modelled using the co-ordinates assigned to the six transmem-
brane helices of CP43 and the Chl bound to them in 1S5L.pdb [29],
given the high structural homology known to exist between these
two protein families [12,13].Fig. 1. Biochemical analyses of photosynthetic complexes prepared
from thylakoid membranes of A. marina. (a) Sucrose density gradient
proﬁle of isolated photosynthetic complexes derived by detergent
solubilised of thylakoid membranes, resolving ﬁve unique green
(chlorophyll containing) fractions (F1–F5). (b) The polypeptide
analyses of thylakoid membranes (Th) and fraction F5 by SDS–
PAGE and by western blotting using PSII speciﬁc antibody (D1) and
PSI speciﬁc antibody (PsaE). The white asterisks on the SDS–PAGE
gel highlight polypeptides which have been analyzed by mass
spectroscopy and identiﬁed as Pcb proteins.3. Results
Thylakoid membranes isolated from Acaryochloris were sol-
ubilised using DM and subjected to sucrose density centrifuga-
tion: Five distinct chlorophyll containing fractions were
resolved (Fig. 1(a)). Based on previous studies with Prochloro-
coccus [16,17] and Prochloron [18] it would be expected that the
heaviest fraction contains supermolecular complexes compris-ing Pcb proteins and RC cores. For this reason, we focused our
attention on the F5 fraction and conducted polypeptide anal-
yses by SDS–PAGE and subsequent probing with speciﬁc anti-
bodies. These analyses revealed that, when compared to
thylakoid membranes, the F5 fraction is enriched with PSII
compared to PSI (Fig. 1(b)). The Western blotting did not de-
tect PsaE of PSI but did detect D1 of PSII. However, some PSI
did seem to be present in F5 based on the detection of a
70 kDa band by SDS–PAGE, indicative of the PSI RC
PsaA/PsaB proteins. A band at 35 kDa, analogous to the
approximate apparent molecular mass of Pcb proteins, is re-
solved in both the F5 fraction and the thylakoid membranes
(see white star Fig. 1(b)). Mass spectroscopy revealed that this
band was indeed comprised of Pcb proteins identiﬁed to be the
products of the pcbA and pcbC genes of Acaryochloris [10].
Although not quantitative, mass spectrometry indicated that
the PcbA protein was more abundant than PcbC. Similar anal-
yses, however, did not conﬁrm the 70 kDa band of F5 to be
PsaA or PsaB therefore placing some uncertainty on the origin
of this band and on the level of PSI in F5.
Fig. 2(a) shows the room temperature absorption spectra of
Acaryochloris thylakoid membranes as well as the F1 and F5
fractions isolated from the sucrose density gradient
(Fig. 1(a)). All fractions share similar absorption properties
having a maximum red-absorption peak at 703 nm due to
the high Chl d content. The 77 K emission spectra (Fig.
2(b)), obtained by excitation at 398 nm, show very diﬀerent
spectral characteristics. The thylakoids have two dominant
emission peaks at 645 and 730 nm originating from phycocya-
nin [11] and RC cores [6,30], respectively, whereas F1, contain-
ing free Pcb proteins (Fig. 1), shows a main emission peak at
704 nm. Fraction F5, containing PSII and Pcb proteins
(Fig. 1) has two peaks at 704 nm from free Pcb proteins and
730 nm from PSII-RCs. The addition of a small amount of
Fig. 2. Spectral properties of A. marina thylakoid membranes and
isolated photosynthetic complexes. (a) Absorption spectra and (b)
77 K emission spectra excited at 398 nm of thylakoid membranes (Th)
(thin black line), F1 (grey line) and F5 (thick black line). All spectra are
normalized to the maximum chlorophyll peak. (c) The result of the
addition of 0.1% Triton X-100 to F5.
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ally uncouple Pcb-proteins from RCs [16], resulted in a sub-
stantial increase of ﬂuorescence emission at 704 nm.
An electron microscopic study of the F5 fraction, after stain-
ing with uranyl acetate, allowed visualization of the photosyn-
thetic complexes contained within it. Similar large oblong
shaped particles can be easily identiﬁed in the electron micro-
graph, boxed in Fig. 3(a). In order to resolve more clearly the
structure of these large particles we undertook single particle
analysis. Fig. 3(b) shows a class-average of the most complete
and predominant particle in top projection viewed from the lu-
menal side and derived from averaging 563 images. The calcu-
lated projection map has dimensions of 385 A˚ by 240 A˚ with a
twofold axis and has an approximate resolution of 23 A˚. To
interpret this projection map, we have compared it with the
X-ray structures of the cyanobacterial PSII-RC core dimerand its CP43 subunit [29] at the same scale where the latter
is taken as an analogue for Pcb proteins [12]. In doing so,
we conclude that the large particle observed in the F5 fraction
is a Pcb-PSII supercomplex composed of two PSII dimers end-
to-end, ﬂanked on either side by eight Pcb-proteins as
highlighted in Fig. 3(c). This interpretation is aided by the
detection and analysis of partially degraded Pcb-PSII super-
complexes in F5 circled in Fig. 3(a) with corresponding single
particle processing and modeling in Fig. 3(d) and (e), respec-
tively; in this case four Pcb subunits seem to be missing from
one side of a PSII core dimer. The single particle image anal-
ysis of other Chl-containing fractions isolated by sucrose den-
sity gradient centrifugation has also been conducted where
dimeric PSII- and trimeric PSI-reaction center cores free of
Pcb subunits were observed (see Fig. 3(f)–(h) for F3).4. Discussion
We have identiﬁed a giant Pcb-PSII supercomplex in the no-
vel Chl d-containing cyanobacterium A. marina grown in KES
artiﬁcial seawater. This particle was predominant in the heavi-
est band of the sucrose density gradient and in its most com-
plete form was made up of two PSII-RC core dimers
interacting end-to-end and ﬂanked by 16 copies of the Pcb sub-
units in a symmetrical fashion, corresponding to 4 Pcb per
PSII-RC monomer. Fig. 4 shows a more illustrative model
of this arrangement using the latest structural coordinates de-
rived from X-ray crystallography [29]. It includes the trans-
membrane helices of all subunits as well as the position of
Chls. Not only does it assume that Pcb protein is structurally
analogous to CP43 but that its transmembrane helices 5 and 6
are immediately adjacent to the PSII-RC core surface.
The low Pcb ﬂuorescence relative to that observed on addi-
tion of Triton X-100, suggests that the majority of the Pcb pro-
teins in the F5 fraction are functionally coupled and serve as
an outer light harvesting system to PSII. The 16-mer Pcb-PSII
supercomplex has maximum dimensions 385 A˚ · 240 A˚, and
an overall calculated molecular mass of almost 2300 kDa,
assuming a native molecular mass of 850 kDa for the PSII di-
mer and 35 kDa for the Pcb protein. If each Pcb protein, like
CP43 [29], binds 14 Chl molecules and the PSII monomer con-
tains 36 Chls, as does the cyanobacterial PSII monomer [29],
then the supercomplex contains a total of 368 Chls. We there-
fore conclude that the Pcbs increase the overall antenna size
servicing the PSII-RC by almost 200% when compared with
the PSII core complex having its CP43 and CP47 light harvest-
ing systems only. As yet, the speciﬁc Pcb protein that associ-
ates with this supercomplex has not been identiﬁed and the
possibility remains that more than one Pcb gene product is
present. However, mass spectroscopy analyses indicated that
PcbA was more dominant than PcbC which was also found
to be the case for Pcbs within the intact thylakoid [10].
Functional association of Pcb proteins with PSII-RC cores
has also been shown in Prochlorococcus [17] and Prochloron
[18] with similar structural arrangement around each individ-
ual RC core dimer. It has also been shown that Pcb proteins
can bind to PSI to form an 18-mer antenna ring [16,17]; no
such structure has as yet been identiﬁed in Acaryochloris.
The ﬁnding here that Pcb proteins associate with PSII is sur-
prising given that Acaryochloris also contain phycobilipro-
teins. These phycobiliproteins form a 4a6b6 rod which also
Fig. 3. Electron micrographs of the photosynthetic complexes isolated in fraction F5 and F3 of the sucrose density gradient (Fig. 1(a)). Class
averages obtained by single particle analysis of the most complete complex in F5, boxed in (a), are shown in (b) and the outlines derived from the X-
ray structures of PSII and CP43 [29] have been modeled and overlaid onto this average to aid interpretation in (c). The class averages of incomplete
complexes, circled in (a) are shown in (d) with similar modeling in (e). Averaged images of PSII dimer (g) and PSI trimer (h) without Pcb subunits
observed in electron micrograph of F3 (f: PSII dimer boxed; PSI trimer circled) also shown with X-ray data overlaid. The bar in (f) represents 50 nm,
which is also applicable to panel (a); The bar in (h) represents 10 nm and is applicable to all other averages shown.
Fig. 4. The modeling of the high-resolution X-ray structure of PSII
and CP43 [29] into the Pcb-PSII supercomplex isolated from A. marina
viewed from its lumenal surface. The 36 Chls and 14 Chls of each PSII
monomer and Pcb subunit respectively are shown in light green. Other
colors represent transmembrane helices of D1 protein (yellow), D2
protein (orange), CP47 (red), CP43 and Pcb proteins (dark green),
cytochrome b559 (pink), low molecular weight subunits (blue).
Maximum length of the negatively stained particle is 385 A˚, inclusive
of the detergent shell.
M. Chen et al. / FEBS Letters 579 (2005) 1306–1310 1309serve as a light harvesting system for PSII [19,20]. Therefore, it
seems that in this prochlorophyte-like cyanobacterium Pcb
proteins and a phycobiliproteins function as a light harvesting
system for PSII. Whether both the Pcb and phycobiliprotein
light harvesting systems can associate with the same PSII-RC
core dimer has yet to be shown. However, Marquardt et al.
[31] proposed that the protruding rods, 260 A˚ long, give rise
to the unstacked regions of the thylakoid membranes of Acary-
ochloris. Since much of the thylakoid membrane system in this
organism is highly appressed or stacked [1,19,32], we suggest
that the 16-mer Pcb-PSII supercomplex described here is lo-
cated in this region.
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